A common model used for preclinical research was in vitro human tumor cell culture. An alternative model was the direct implantation of a unique patient's tumor biopsy specimens into immunodeficient host mice. Published data from PubMed (http://www.ncbi.nlm.nih.gov) and Current Contents Connect databases (http://thomsonreuters.com/ products_services/science/science_products/a-z/current_contents_connect) were reviewed. Prostate cancer (PCa) heterotransplantation was evaluated using histopathology, morphology, cell differentiation, DNA content, tumor marker expression, metastases, tumor kinetics, tumor take rate and tumor vasculature in the first tumor heterotransplant. The heterotransplanted tumor retained the biological properties of the original tumor, such as morphology, degree of differentiation, pathology, secretory activity, expression of tumor markers and human vasculature. Human PCa heterotransplants have considerable experimental advantages over cell culture following xenotransplantation.
Introduction
Developing therapies for prostate cancer (PCa) require accurate tumor models relevant to human PCa. There are few animal models for PCa available, as the only other mammals, besides humans, that develop PCa are primates and dogs [1] . Both animal models are very expensive and tight regulatory constraints limit their availability. Other available tumor models include rodent prostate tumors, but the extrapolation of results obtained from these tumors is limited by their non-human origin, thereby restricting their direct applicability to human disease. The use of xenografts in mice as a preclinical PCa model is reasonably inexpensive, provides rapid experimental data and is largely free of regulatory constraints. In these models, in vitro cultured human PCa cells (most commonly PC-3, DU-145, LNCaP or a cell line derived from one of these three) are implanted into immunosuppressed mice. The human origin of these cells therefore more directly represents the human disease. However, cell lines for culture have been developed from a limited sample of PCa biopsies, and all three commonly used cell lines were derived from PCa primary tumors and its metastases in the late 1970s to early 1980s.
The prostate is a complex organ system with dis-npg tinct anatomical zones and heterogeneous cells in the epithelium, including epithelial cells (luminal and basal) and neuroendocrine cells, and, in the stroma, smooth muscle cells and fibroblasts, along with nerves and the basement membrane. The coordinated activity of all these cells is required for normal organ function, and is affected by tumor development. The stromal cells are especially important in the development of PCa tumors; they often supply tumor cells with the signals and nutrients they need to proliferate and expand [2] . The co-implantation of human tumor cells with human stromal cells results in tumors with a more human-like structure. These interactions between different cell populations are often lost in cell cultureinduced xenografts, because the different cell types are not present in the transplant. Therefore, these in vitro cultured cell lines suffer from the absence of tumorstromal interactions, which induces a distinctly different cell morphology from that found in the tissue of origin. Generally, xenografts derived from cultured cells have a more homogeneous and undifferentiated histology.
There are an increasing number of published reports demonstrating that developing cell lines from human cancers sometimes results in distinct and irreversible loss of important biological properties. Some tumor cell subpopulations might not contain the genetic aberrations that enable adaptation to artificial cell cul ture. In glioblastoma multiforme, serial human tumor heterotransplantation selected for epidermal growth factor receptor (EGFR) amplifications that reflect the high incidence of EGFR amplification found in patients, whereas in vitro glioblastoma cell cultures selected against this gene alteration [3] . In addition, the genomic profile of glioblastoma cell cultures in vitro deviated substantially from the original tumor profiles [4] . Additional evidence showed that the Sonic hedgehog pathway was suppressed in medulloblastoma cell cultures in vitro, and was not restored when the cells were transplanted into nude mice [5] . Similarly, in small-cell neuroendocrine lung carcinoma, the gene expression pattern changed irreversibly when cell lines were cultured in vitro from the original tumors. The expression of a large number of such genes was not restored when the derivative cell line was returned to growth in vivo as a xenograft [6] . Finally, in pediatric tumors such as neuroblastoma, rhabdomyosarcoma and Ewing's sarcoma, the human tumor xenografts have substantial transcriptional similarity to their respective primary tumor types, compared with cell lines in culture. Importantly, a higher level of similarity exists between the xenograft and the primary tumor not only for a particular gene target or targets, but also for specific genes in specific biological functions [7] . In all these cases, the original tumor cell properties are not restored when the conventional cell lines are grown as xenografts, resulting in selection for certain cell subtypes that are not relevant to the malignant disease, and resulting in tumors that no longer represent the phenotype of tumor cells in patients.
Comparison of the gene expression patterns in human PCa cell lines in vitro with the overall gene expression patterns of human tissues yielded somewhat conflicting results [8, 9] . One study revealed highly divergent gene expression patterns between cells grown in vitro and the human tumor specimens [9] , while another study found that the majority of the genes up-or down-regulated were consistent between the two groups [10] . In the second study, the researchers used five distinct human prostate carcinoma cell lines derived from a highly tumorigenic orthotopic xenograft with intermediate to very high metastatic potential, itself derived from two parental cell lines (LNCaP and PC3). These cells were subjected to one to five additional cycles of experimental tumor progression in vivo. The changes in transcript expression levels were compared with clinical specimens (88% clinically stages T1-T2a; 92% pathologically less than or equal to stage T3a). This review is focused on studying the initial heterotransplantation (first passage in vivo) of human PCa tumors on host mice. For a detailed study on serial heterotransplantation (serial passaging in vivo) of human PCa tumors on host mice, readers are referred to Lopez-Barcons [11] .
Materials and methods
The information for this review was compiled by searching the PubMed (http://www.ncbi.nlm.nih. gov) and Current Contents Connect databases (http:// thomsonreuters.com/products_services/science/science_ products/a-z/current_contents_connect) for articles published until September 2009. Electronic earlyrelease publications were also included. Only articles published in English were considered. The search terms used included 'explant', 'heterotransplant', 'heterotransplantation', 'human xenograft', 'nude mice', 'prostate cancer', 'transplantation', 'tumor line', 'tumor models', 'xenograft' and 'xenotransplantant' and its npg combinations. Full articles were obtained and references were checked for additional material, as appropriate.
3 Human tumors heterotransplantation at first passage into immunosuppressed mice: similarities with the patient tumor of origin
In the text, the standard heterotransplant implantation site is the subcutaneous space (SC) of the host mouse. When other implantation sites have been used, the location will be cited specifically.
Histological analysis
Primary reports from Gittes et al. [12, 13] described the development of squamous metaplasia and interstitial fibrosis in PCa heterotransplants. The implanted tumor was clearly modified from the original carcino ma in situ during its time in the host mouse. However, subsequent reports showed that, in general, in the first heterotransplantation of the original tumor, the fragment growing in the SC space retains the original morphology; meanwhile, histological and cytological analysis revealed as similar or identical to the tumor in situ. Therefore, the heterotransplanted tumor, in the first passage, always showed a histopathological pattern typical of human prostate carcinoma. This fidelity has been demonstrated for well-differentiated, moderately differentiated and poorly differentiated carcinomas, as well as metastatic tumors that are moderately to poorly differentiated [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Similar results were obtained with poorly differentiated primary carcinomas when the implantation site was the renal subcapsule [29] . Remarkably, differentiated tumors do not become anaplastic but remain differentiated once heterotransplanted into the host mice [30, 31] . In addition, the heterotransplanted tumors have a Gleason score identical to the original biopsy [27, 32] . However, the heterotransplants possess little stroma that, histologically, seems derived from the host mouse [18] . Notably, the histology of the human prostate tumor is preserved in the heterotransplant, even when the tissue is cryopreserved before transplantation [27, 32] . These results have been found regardless of the mouse strain used (athymic nude, severe combined immunosuppressed mice [scid], or hpg/hpg or hpg/− scid mice [gonadal steroid-deficient mice]) [33] , the coinjection of tumor tissue with Matrigel (BectonDickinson, Franklin Lakes, NJ, USA), or the use of intact or orchiectomized mice treated with androgen supplements. Matrigel is an extracellular matrix gel composed of type IV procollagen, laminin and heparan sulfate proteoglycan obtained from the EngelbrethHolm-Schwarm mouse sarcoma first described by Kleinman et al. [34] . On the other hand, sometimes the im planted tumor developed minor histological differences such as stromal tissue inflammation, squamous and transitional metaplasia, or production of keratin at the site of implantation [32, 35] .
DNA content
The heterotransplanted tumors in the first passage obtained from a moderately differentiated adenocarcinoma by Hoehn et al. [18, 36] (named PC-82), and the heterotransplanted tumor obtained in 1984 from a poorly to moderately differentiated lymph node metastasis (named PC-EW) have tetraploid DNA content with an additional small diploid subline, possibly from host mice cells from blood and stroma. In contrast, van Weerden et al. [37] determined that the heterotransplanted tumors PC-295, PC-310, PC-324, PC-329, PC-339 and PC-346 were all diploid. H owever, the PC-295 appears to have a small population of tetraploid cells; meanwhile, the PC-374 heterotransplant is a tetraploid tumor. Six allelic imbalances (8p21-p22, 16q24, 10q22-q23, 13q12-q13, 17q21, 18q21) were found in the original patient specimen used for the PAC120 heterotransplant; all six were found in the PAC-120 heterotransplant [25] .
Marker expression
Initial reports stated that the original tumor and its corresponding heterotransplanted tumor in mice expressed prostate acid phosphatase (PAP) [12, 13, 15, 18, 19, 22] or small amounts of tartrate-inhibitable acid phos phatase [35] (Table 1 ). The expression of prostate serum antigen (PSA) in the glandular epithelium is comparable between the primary tumor and the matching histological sections from the heterotransplanted tumor [22, 28, 32, 38] , as well as the high serum PSA concentration in the patient and heterotransplant PSA expression [39] . Interestingly, serum PSA concentration correlated linearly with heterotransplant tumor volume, as shown by the increase in serum PSA concentra tion in the patient while the liver metastasis progressed. In addition, both the original primary tumor and histological sections from the heterotransplanted tu mor have identical hexosaminidase expression [22] . When the primary tumor was implanted into the mice subrenal capsule, npg npg strong PSA expression was found in the heterotransplanted tumor, matching the original specimen [29] .
Hormone dependence
The study of hormonal dependence in the first passage of the heterotransplantated PC tumors was based entirely on its effect on the tumor take rate. In the reviewed literature, there is no study found examining androgen receptor (AR) expression or changes in the first heterotransplant at the cytological, histological or molecular level caused by host hormone deprivation. In contrast, these changes have been widely studied using tumor heterotransplants at a higher passage number ( Table 1) . The hormonal dependence, tumor status and hormone marker expression are discussed in detail in another review [11] .
Metastases
Hoehn et al. [18] reported that, for the PC-82 tumor heterotransplant, no metastases were found in any organ on autopsy in the host mice. Similar results were reported for the PC-EW heterotransplanted tumors [36] . In addition, Wang et al. [29] did not find any metastases from their heterotransplanted tumors, a low-grade PCa, even when implanting the PCa tumor fragments orthotopically in the prostate. Complete information regarding Dr Y Wang's xenografts can be found in http://www.bccrc.ca/ce/people_Ywang.html. On the other hand, Lubaroff et al. [33] described the development of metastases to the lung after implantation of a prostate adenocarcinoma in scid hpg/-(gonadal steroid deficient) mice bearing 5αdihydrotestosterone implants. Histologically, the metastases presented as a gland formation but without the stroma seen in the primary tumor. Similarly, the CWR21 heterotransplanted tumor develops lung metastases when coimplanted with Matrigel in nude mice treated with testosterone (T) pellets. Interestingly, the PSA concentration found in the metastases was high. Unfortunately, the donor patient of the tumor was diagnosed with pulmonary metastases at npg the time of autopsy [23] . In addition, de Pinieux et al. [25] detected micrometastases in the lungs of mice bearing a PC-120 heterotransplant. Their presence was detected by using the reverse transcriptase polymerase chain reaction to detect expression of the PSA, EGFR-2 and homeobox B9 genes. In this case, the donor patient of the tumor was diagnosed with multiple lung metastases when admitted to the hospital with dyspnea symptoms [25] .
Tumor kinetics
Quantitative analysis of original tumors (five Gleason score 6 carcinomas) and the correspon ding first hetero transplanted tumors growing after 1 month in the host mice revealed that the difference in the number of proliferating cells was not remarkable in two of five tumor tissues studied, and neither was the apoptotic index analysis in four of the five cases studied [32] . Similar conclusions were obtained by Wang et al. [29] when comparing the original tumor with a sample from a tumor fragment heterotransplanted into the renal subcapsule after 3 months. The proliferation rate for the patient's tumor in situ was 2.49% ± 0.40% and 2.28% ± 0.48% for the tumor heterotransplanted into the mice.
Tumor take rate
Researchers working in this field consider human specimen heterotransplantation success ful when viable tumor tissue is found after histological examination of the heterotransplanted tumor in the host mice. However, realistically, the successfully heterotransplanted mice from one patient are considered only one success, independent of the number of mice successfully transplanted with the same patient speci men (Table 1) . Initial studies reported encouraging tumor take rates of 50% (4 of 8) [12, 13] and 100% (2 of 2) [14] for tumors heterotransplanted in athymic nude mice supplemented or not with T-pellets, respectively. However, more discouraging take rates of 15.8% were obtained by Schroeder et al. [30] , 3% (3 of 100) by Reid et al. [31] and 1% (1 of 100) by Reid et al. [35] for tumors heterotransplanted in athymic nude mice supplemented with T-pellets. A take rate of 11% (2 of 17) was obtained for tumors heterotransplanted into the same mice strain, but into mice not receiving hormone supplements [40] . Concerned by these low take rates, Jones et al. [16] studied the tumor take rate as a function of tumor grade and mice strain used as a host. A discouraging take rate of 0% (0 of 14) was obtained for well-differentiated carcinomas and moderately differentiated carcinomas (0 of 24) and only a 2% take rate was obtained with poorly differentiated carcinomas (2 of 33). Interestingly, the authors did not find any difference in take rate when using immunosuppressed nude mice or immunodeprived mice. A similar take rate of 10% (1 of 10) was obtained by van Weerden et al. [37] when pelvic lymph node metastatic tumors were heterotransplanted into athymic nude mice supplemented with T-pellets. On the other hand, Ellis et al. [41] reported a take rate of 100% (3 of 3) when two lymph nodes and one liver metastases were heterotransplanted into intact athymic nude mice. Taken together, these studies show that the high tumor take rate is not related to the tumor pathological grade when using athymic nude mice as the host mice.
More discouraging take rates of 0% (0 of 4 and 0 of 24) were obtained by van Weerden et al. [37] when heterotransplanted primary adenocarcinomas were obtained or not, respectively, by the transurethral resection procedure (TURP) in athymic nude mice being supplemented with T-pellets. As expected, the initial take rate was 0% (0 of 63) for tumors heterotransplanted in athymic nude mice that were supplemented with T-pellets [17] . However, when host mice were treated with sheep anti-mouse interferon serum, the globulin fraction, or rabbit anti-mouse serum, the take rate, surprisingly, rose to 100% (2 of 2, 4 of 4 and 5 of 5) for each treatment, respectively [17] . This result demonstrates that athymic nude mice generate a limited, but definite, immunological response to the implanted prostatic human tumors, resulting in a high tumor rejection rate.
As a result, some authors decided to use more severe immunodeficient mice strains like the NMRI nude mice or the CB17-NOD scid mice as tumor hosts. When NMRI athymic nude mice (a specific strain of mice that may have reduced natural killer cell activity) were used and were supplemented with T-pellets, the tumor take rate was 28% (2 of 7) [37] . However, when this mice strain was used for tumor heterotransplantation without androgen supplementation, the take rate was 0% [42] . The same authors reported a 50% take rate (3 of 6) when the heterotransplanted tumors were obtained by the TURP surgical procedure. When the more severely immunosuppressed mouse strain CB17-NOD scid was used as the host, the take rates were 60% (3 of 5) and 57% (8 of 14) [33, 38] . Using the same strain but providing the mice with T-pellet supplements, the tumor take rate was 58.1% (50 of npg 86) [29] . Subsequently, Wang et al. [29] studied the effect of the tumor implantation site on the take rate using the same mice strain but with orchiectomized and hormonally supplemented mice. The take rates were 93.4% (114 of 122), 58.1% (50 of 86) and 71.9% (41 of 57) for heterotransplantation in the subrenal capsule, in the sc space and orthotopically in the prostate, respectively. Finally, another strategy was used by another group to improve the tumor take rate: the patient's tumor tissue was combined with Matrigel (Becton-Dickinson), resulting in a take rate of 60% (6 of 10) using athymic nude mice not given T-pellet supplements [22] . When mice from the same strain were used as hosts but T-supplemented, the take rate was 20% (4 of 20), 100% (5 of 5) and 92.7% (41 of 42) in three separate reports, respectively [23, 26, 33] . When scid mice were used as tumor hosts but not given hormone supplements, the take rate was 75% [43] . In conclusion, a high tumor take rate for the heterotransplantation of prostate carcinomas is obtained when the original tumor tissue is combined with Matrigel (Becton-Dickinson) and implanted into host mice that are not severely immunosuppressed. When severely immunosuppressed mice are used as the host, a successful heterotransplantation may result when the specimen is implanted alone. In both cases, hormonal supplementation with T-pellets is advantageous. When the original tissue was cryopreserved before implantation, the tumor take rate was reduced compared with heterotransplants implanted from fresh tissue [27] .
Vasculature
The PCa heterotransplanted tumors combined with Matrigel (Becton-Dickinson) were viable and well vascularized after 1 month of implantation, as seen by the presence of small vessels of human origin with red blood cells inside. In the original tumor, and in the heterotransplanted tumor, the vasculature was found both adjacent to glands and distributed through the stroma [26, 32] . More specifically, the average number of vessels per field, or mean vessel density (MVD), was increased remarkably in the PCa heterotransplanted tumors compared with the original tumor as determined by staining with human anti-CD31 antibody (2.0-fold), the human anti-CD34 antibody (2.1-fold) and human anti-vWF-positive antibody (4.1-fold). Correspondingly, the average number of vessels with at least one proliferating endothelial cell (EC) per field (proliferative MVD) increased fivefold in the heterotransplanted PCa tumors compared with the original tumor in situ. A twofold increase in the MVD of small-to-medium-diameter vessels was observed in the heterotransplanted tumors compared with the original carcinomas. Likewise, the mean vessel area and the mean vessel perimeter were evidently reduced (1.7-fold) in the heterotransplanted tumors compared with the corresponding original specimens. T h e i n c r e a s e d n u m b e r o f s m a l l v e s s e l s i n t h e heterotransplanted tumors correlates with angiogenesis, in which new vessels growing from existing ones are smaller in diameter and contain proliferative EC. Interestingly, after heterotransplantation, the percentage of human vessels in the viable heterotransplants was 79.3% ± 4.8% [26] .
Heterotransplantation quality control
The successful use of human prostate hetero transplants requires quality control, for both the im munodeficient host and the implanted human tissue. First, the microbial health status of host mice is critical. Second, karyotyping and histopathological evaluation of the heterotransplanted tumor are necessary to confirm that the resultant tumors are benign or malignant human prostate carcinomas. Such measures will avoid overgrowth of the heterotransplant by murine cells that express the B-cell differentiation antigens CD19, CD20 and CD22 [43, 44] . A tumor tissue stockpile is highly desirable to create a repository of early passages (within 5-10 passages) of well-characterized heterotransplants at the genetic and biochemical level. This should include chromosomal analysis as well as gene expression data on a minimal subset of prostate marker genes such as AR and PSA. To determine what to heterotransplant, the National Cancer Institute (NCI) has an outstanding guide entitled 'Best Practices for Biospecimen Resources' (2007) that accurately answers the questions previously stated [45] . The limitations in the use of human heterotransplants have been discussed thoroughly in another review [46] .
Unfortunately, there are few in vivo models of PCa that reflect the different stages of disease progression, which means that experimentation does not reflect the complexity and diversity of human PCa tumors encountered by clinicians. A successful PCa heterotransplant model must have two important characteristics. First, the accuracy of the model must be known; the extent to which the tumor heterotransplanted npg initially into the host mouse resembles the original tumor and, thereby, reflects the original PCa is critical. Second, the model has to represent the disease found in humans at all stages of progression. As demonstrated, there is sufficient knowledge acquired during the past 30 years on human prostate tumor heterotransplantation to understand how human tumors maintain their integrity after first transplantation into a mouse, or how they change as a result of the interaction with host mice cells.
Conclusion
The PCa tumors of the first heterotransplant into host mice retain the important biological properties present in the original primary tumor, such as morphology, pathology and functional biochemistry, including active secretion and the expression of important tumor markers. Importantly, the human tumor architecture is preserved, allowing the important stromal cell-epithelial cell crosstalk and the presence of human vasculature. The model can represent the disease, including the various stages of clinical PCa. The heterotransplant model permits the growth of human prostatic tumors with varying degrees of differentiation allowing the testing of new drugs and new therapeutic regimens for the treatment of PCa at different stages. This model has wide applicability to the study of hu man PCa angiogenesis in a human microvascular environment and provides an excellent system to test new anti-angiogenic therapies. In addition, the human tumor heterotransplant model may provide more realistic data from proteomics and pharmacogenomics. Establishing the heterotransplant PCa model is a remarkable tool to study prostate diseases.
